EZH2 is a subunit of polycomb repressive complex 2 (PRC2) that silences gene transcription via H3K27me3 and was shown to be essential for mammalian liver circadian regulation and hematopoiesis through gene silencing. Much less, however, is known about how Ezh2 acts in live zebrafish. Here, we show that zebrafish ezh2 is regulated directly by the circadian clock via both E-box and RORE motif, while core circadian clock genes per1a, per1b, cry1aa and cry1ab are down-regulated in ezh2 null mutant and ezh2 morphant zebrafish, and either knockdown or overexpression of ezh2 alters locomotor rhythms, indicating that Ezh2 is required for zebrafish circadian regulation. In contrast to its canonical silencing function, zebrafish Ezh2 up-regulates these key circadian clock genes independent of histone methyltransferase activity by directly binding to key circadian clock proteins. Similarly, Ezh2 contributes to hematopoiesis by enhancing expression of hematopoietic genes such as cmyb and lck. Together, our findings demonstrate for the first time that Ezh2 acts in both circadian regulation and hematopoiesis independent of silencing PRC2.
INTRODUCTION
Circadian rhythms are endogenous oscillations generated by interlocking negative transcriptional and translational feedback loops, allowing for organisms to coordinate physiological and behavioral rhythms with a period ∼24 h for anticipating environmental changes (1) . In mammals, molecular oscillators operate in the master clock, the suprachiasmatic nucleus (SCN) in the hypothalamus of the brain (2) and also in peripheral organs or tissues (3, 4) . The bHLH-PAS proteins CLOCK and BMAL1 form a heterodimer to drive transcription of Period genes (Per1, Per2 and Per3) and Cryptochrome genes (Cry1 and Cry2) through E-boxes (5). PER and CRY proteins then are translocated into the nucleus, and interact with the CLOCK-BMAL1 complex to repress their own expression (6) . CLOCK and BMAL1 also drive the expression of the orphan nuclear receptor Rev-erbα in the SCN and liver (7) . Bmal1 contains RevErb␣/ROR response elements (ROREs) in its promoter, and its expression is activated by ROR␣ but repressed by Rev-Erb␣ (7) .
Roles of histone modifiers in circadian regulation have recently been investigated (8) . In mice, transcriptional activation of Per1 and Per2 correlates with rhythmic acetylation of histone H3 at their promoter regions (9, 10) . In addition to histone acetylation, histone methylation also has been suggested to be important for circadian regulation. WDR5, a member of a histone methyltransferase complex, mediates rhythmic methylation of H3K4 and H3K9 at the promoters of PER1-regulated genes (11) , and methylation of H3K4 and H3K9 are in phase with transcriptional activity of Dbp (albumin D-site binding protein) (12) . JMJD5 and JMJ30, two Jumonji C domain-containing histone demethylase proteins, function in both the plant and human circadian systems (13, 14) .
Polycomb group proteins (PcG) are involved in heritable epigenetic regulation of gene expression during development (15) . To date, two principal polycomb repressive complexes (PRCs), PRC1 and PRC2, have been identified (16) . Mammalian PRC1 contains CBX, MPH, RING, BMI1 and MEL185, whereas PRC2 contains EZH, EED and SU(Z)12 (16) . EZH2, enhancer of zeste homolog 2, silences gene transcription through trimethylation of histone H3 lysine 27 (H3K27me3) via its SET domain (17) and is essential for early development and tumor progression in most model organisms (18) (19) (20) . However, EZH2 also functions positively independent of PRC2 in various cancers (21) (22) (23) (24) . For instance, EZH2 oncogenic activity in castration-resistant prostate cancer cells is independent of H3K27me3 (24, 25) . Interestingly, EZH2 was shown to be required for the mouse liver clock through binding to the clock complex and mediating methylation of H3K27 at the promoters of Per1 and Per2 (26) . BMAL1 inhibits tumorigenesis and increases Nucleic Acids Research, 2018, Vol. 46, No. 7 3383 paclitaxel sensitivity in tongue squamous cell carcinoma through interaction with EZH2 (27) .
In addition to its involvement in circadian regulation, EZH2 also was shown to play important roles for normal and malignant hematopoiesis (28, 29) . EZH2 was shown to be critical for B-cell development (30) , and overexpression of mutated EZH2 was observed in B-and T-cell lymphoproliferative disorders and myeloid malignancy (28) . During early megakaryopoiesis, Notch1 intracellular domain increases cytoplasmic EZH2 levels (31) and GATA-1 utilizes IKAROS and EZH2 to promote erythropoiesis through suppressing HES1 (32) . EZH2 is up-regulated with differentiation of bone marrow cells (33) and down-regulated during differentiation of HL-60 cells to mature granulocytes (34) . Ectopic expression of Ezh2 in the hematopoietic system increases the repopulation potential of hematopoietic stem cells (HSCs) and serial transplantation of these Ezh2-overexpressing HSCs resulted in mice developing myeloproliferative neoplasm (35) .
Because Ezh2 knockout mice cease development at early gastrulation (19) , circadian roles of EZH2 in live animals, and its functions during hematopoiesis are far from certain to date. Zebrafish have become an attractive vertebrate model organism for studying circadian rhythms (36) (37) (38) (39) and hematopoiesis (40) . Here, we found that zebrafish ezh2 is regulated directly by the circadian clock. Loss of Ezh2 disrupts rhythmic expression of circadian clock genes and either knockdown or overexpression of ezh2 alters locomotor rhythms of zebrafish larvae. Loss of Ezh2 also results in defects in zebrafish primitive and definitive hematopoiesis. In contrast to its predominant gene silencing, Ezh2 enhances circadian regulation and hematopoiesis independent of silencing PRC2 in zebrafish.
MATERIALS AND METHODS

Experimental animals
Wild-type zebrafish (Danio rerio), ezh2 heterozygous, per1b-/-mutant (41), rev-erbα-/-mutant (42), Tg(gata1:DsRED) (43) , Tg(mpx:EGFP) (44) , Tg(lyz:EGFP) (45) , Tg(cmyb:EGFP) (46) and Tg(coro1a:EGFP) (47) zebrafish lines were maintained on a 14-h light/10-h dark cycle and fed three times daily at the Soochow University Zebrafish Facility. Embryos were obtained by natural crosses and fertilized eggs were raised at 28.5
• C. PTU (2-phenylthiourea) (0.003%, wt/vol) was added to embryo medium to inhibit pigment formation for whole mount in situ hybridization experiments. All experiments were conducted in accordance with guidelines approved by the Soochow University Committee on the Use and Care of Animals.
Plasmid construction
cDNAs of zebrafish ezh2 and mice Ezh2 were PCR amplified with primer pairs ezh2F3 and ezh2R3, mEzh2F and mEzh2R, and cloned into pCDNA3.1/Myc-His(-) with XhoI and BamHI sites, respectively. Zebrafish eed cDNA was PCR amplified with primers eedF and eedR, and cloned into pCDNA3.1/Myc-His(-) with XhoI and EcoRI sites. Zebrafish ezh2 cDNA was PCR amplified with primer pair ezh2F4 and ezh2R4 and cloned into pDNA3.1-HA with BamHI and XhoI sites. Two amino acids, Phe681 and His703, critical for zabrafish Ezh2 H3K27 methyltransferase activity (25, 48, 49) were mutated to Ile and Ala to generate the mutated form of zebrafish ezh2 by two rounds of mutagenesis using primer pairs ezh2F681F and ezh2F681R, ezh2H703AF and ezh2H703AR, respectively. Similarly, the mutated form of mouse Ezh2 with mutations at F667I and H689A was generated with primer pairs mEzh2F667IF and mEzh2F667IR, mEzh2H689AF and mEzh2H689AR.
An ezh2 RNA probe for whole mount in situ hybridization was prepared as described previously (50) . The fragment containing ezh2 E-box was amplified with primers ezh2-E-luc-F and ezh2-E-luc-R, while the fragment containing ezh2 RORE was amplified with primers ezh2-R-luc-F and ezh2-R-luc-R, and then both fragments were inserted into the pGL3.17-promoter vector with SacI and XhoI sites, respectively, generating ezh2-E-luc and ezh2-R-luc. Then, the E-box sequence, CACGTG, was mutated to CCCGTC, with primers ezh2-Emu-F and ezh2-Emu-R, and the RORE sequence, TTGGGTC, also was mutated to TTCCCTC, with primers ezh2-Rmu-F and ezh2-Rmu-R. The cmyb and lck promoter fragments containing E-boxes were amplified with primer pairs cmyb-E-luc-F and cmyb-E-lucR, lck-Eluc-F and lck-E-luc-R, respectively, and then both fragments were inserted into the pGL3.17-promoter vector with KpnI and XhoI sites, respectively, generating cmyb-luc and lck-luc. Plasmids for bmal1b, clock1a and cry1aa were constructed elsewhere (41) . All primers are listed in Supplementary Table S1 .
Generation of ezh2-/-mutant zebrafish
The ENU-induced ezh2-/-mutant zebrafish (sa1199) was recovered from the Zebrafish Mutation Project (51) . A point mutation (C to T) results in a premature stop codon that leads to a truncated protein of only 17 amino acids (aa). The fragment containing the mutation was PCR amplified with primers ezh2F1 and ezh2R1 (Supplementary Table S1) , and confirmed by DNA sequencing. ezh2 homozygous zebrafish was obtained by incrossing ezh2 heterozygotes.
Generation of ezh2 heat shock-inducible transgenic zebrafish
Transgenic zebrafish were generated using the Tol2-basse Multisite Gateway system (52) . Briefly, zebrafish ezh2 or mutated ezh2 was cloned into the pME-MCS vector with XhoI and BamHI sites, using primers ezh2pMEF and ezh2pMER (Supplementary Table S1 ). The resulting plasmids, pME-ezh2 and pME-ezh2m, were mixed with p5E-hsp70l, p3E-polyA and pDestTol2CG2 (EGFP driven by the cmlc2 promoter) and performed LR reaction, respectively, resulting in pDestTol2-hsp70l:ezh2;CG2 and pDestTol2-hsp70l:ezh2m;CG2. To generate transgenic fish, 50 pg of pDestTol2-hsp70l:ezh2;CG2 or pDestTol2-hsp70l:ezh2m;CG2 with 25 pg of Tol2 transposase mRNA was injected into one-cell stage zebrafish embryos, respectively. Then injected embryos were cultured in Petri dishes with embryo medium at 28.5
• C for 3 days. The larvae with GFP fluorescence in the heart were selected and raised to adulthood. Tg(hsp70l:ezh2;CG) and Tg(hsp70l:ezh2m;CG) were identified by EGFP fluorescence in the heart and confirmed by PCR using primers ezh2-F5 and ezh2-R5 (Supplementary Table S1 ). Transgenic larvae were heat shocked at 37
• C for one hour at ZT0 or ZT12 and used for locomotor assays or qRT-PCR analyses.
Cell culture, transfection and luciferase assay
Human embryonic kidney (HEK) 293T cells purchased from American Type Culture Collection (Manassas, VA) were cultured according to ATCC's instructions. Transfection and luciferase assays were performed as described previously (53) . Briefly, 0.05 × 10 6 HEK293T cells were seeded into 24-well plate. After growing to 90% confluency, cells were transfected with 50 ng of per1b-luc or other reporter vectors, 100 ng each of bmal1b and clock1a with or without 600 ng of ezh2. pRL-TK was co-transfected to normalize transfection efficiency. Twenty four hours after transfection, cells were harvested to perform luciferase assays.
Co-immunoprecipitation and Western Blotting
HEK293T cells were seeded in 10-cm Petri dishes. After reaching 90% confluency, cells were transfected with 6 ug each of bmal1b-HA or bmal1b-His, clock1a-Flag and ezh2-His or ezh2-HA, and 2 ug of cry1aa-His. Forty eight hours after transfection, cells were lysed in RIPA buffer with protease inhibitor (Sigma) and subjected to coimmunoprecipitation (Co-IP) according to manufacturer's instructions (Sigma). Briefly, cell lysates were released with protein G-Sepharose beads conjugated with anti-HA antibodies. After washing five times, the precipitates were resuspended in SDS-PAGE sample buffer, boiled for 5 min and run on 12% SDS-PAGE gel, and then western blotting (WB) was conducted with mouse monoclonal anti-His (Cell Signaling Technology), anti-HA (Sigma) or anti-Flag (Cell Signaling Technology) antibody or rabbit polyclonal antiTubulin antibody. To detect the protein levels in zebrafish embryos, 48-hpf wild-type and ezh2-/-mutant embryos were collected and lysated with RIPA buffer, respectively. Equal amount of wild-type and ezh2 embryo extracts were loaded on SDS-PAGE, and then WB was performed using antibodies against EZH2 (Millipore), Eed (Millipore), H3K27m3 (Millipore), H3K27m2 (Millipore), H3K27m1 (Millipore), H3 (Cell Signaling Technology).
Whole mount in situ hybridization (WISH) and quantitative real-time PCR analysis
Whole mount in situ hybridization (WISH) was conducted as previously described (54) , zebrafish embryos were fixed with PFA at 26 hpf, 28 hpf or 96 hpf and the fixed embryos were dehydrated with methanol and stored at -20
• C. Embryos were rehydrated with sequential rehydration solution and then incubated in 50% formamide hybridization buffer with DIG-labeled probes at 65
• C for overnight. Nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Roche) were used for colorimetric detection. For each WISH experiment, 25-30 larvae were used. At least three independent WISH experiments were conducted for each probe.
For quantitative real-Time PCR (qRT-PCR) analysis, total RNAs were extracted using TRIzol Reagent (Invitrogen) according to the manufacturer's instruction. After DNase treatment, RNA (1 g) was reverse-transcribed with oligo(dT) 18 primers and M-MLV reverse transcriptase. qRT-PCR was carried out in an Step-One real-time PCR detection system (ABI) using SYBR ® Premix Ex Taq™ (Takara Bio Inc., Dalian, Liaoning). Primers for qRT-PCR are listed in Supplementary Table S2 and some were previously reported (41) . At least three independent samples were examined each with triplicate for qRT-PCR. The mRNA level of interested genes were calculated using 2 − C T method (55) and presented as relative (-fold) values of the control group after normalized by β-actin mRNA levels.
Chromatin immunoprecipitation (ChIP) assays
ChIP assays were performed as described previously (41) . Briefly, two groups of 200 wild-type larvae at 120 or 132 hpf were collected, cross-linked in 2% formaldehyde at room temperature for 30 min, and the crosslinking was terminated by adding 1/10 V of 1.12 M glycine, followed by PBS washing (3 times, each for 10 min). The following procedures were performed according to the manufacturer's protocol (Millipore's ChIP assay kit). The purified rabbit or mouse IgG (Invitrogen) was used as negative controls. ChIP PCR reactions were performed using primers flanking the E-box, D-box, and RORE sites as well as primers not flanking the these sites in the 5 promoter regions of genes as controls, respectively. Primers for the ChIP-qPCR are listed in Supplementary Table S1 .
Morpholino and mRNA microinjection
ezh2 translation blocking Morpholinos (ezh2-MO: 5 -CCG ATTTCCTCCCGGTCAATCCCAT-3 ) and a standard control MO (cMO: 5 -CCTCTTACCTCAGTTACAATT TATA-3 ) (Gene Tools) were re-suspended in water as a 4 mM stock solution and diluted to the appropriate concentrations for microinjections in 0.2% PhenolRed and 0.1 M KCl. Different amounts of ezh2-MO and control MO were injected into zebrafish embryos at one-two cell stage. The efficacy of ezh2-MO was determined by GFP reporter assays (56) .
ezh2 mRNA was synthesized using a commercial kit and linearized plasmid DNA as a template (mMESSAGE mMACHINE kit; Ambion). 1 nl (200 pg) ezh2 mRNA was microinjected into one-cell stage zebrafish embryos. After microinjection, embryos were raised in Petri dishes with embryo medium at 28.5
• C. Embryos were collected for RNA extraction or fixed with PFA for in situ hybridization at 26 hpf and 28 hpf, respectively, and kept in methanol at -20
• C until use.
Zebrafish behavioral assays
Zebrafish larvae behavioral assays were performed under both DD and LD conditions, respectively, as previously reported (41) . Briefly, a single zebrafish larva was placed in each wells of 48-well plate at 4 dpf (24 wild-type, 24
Nucleic Acids Research, 2018, Vol. 46, No. 7 3385 ezh2 MO-injected or ezh2-overexpressing transgenic fish). For ezh2-overexpressing transgenic fish, the fish was heat shocked at 37
• C for one hour at ZT12. The 48-well plate was placed inside the Zebrabox (Videotrack; ViewPoint Life Sciences, Montreal, France) where continuous infrared light and white light were illuminated from 9:00 A.M. to 11:00 P.M. (LD) and constant 10% dim light (30 lx) was illuminated throughout the procedure (DD) (57) . Instruments were placed in a chamber to maintain a constant temperature of 28.5
• C. The Videotrack quantization parameters were set as described previously (58) . Locomotor activities of larvae were monitored for five consecutive days using an automated video-tracking system (ViewPoint Life Sciences), and the movement of each larva was recorded using Zebralab3.10 software (ViewPoint Life Sciences).
Deep sequencing-based transcriptome analysis
Total RNAs from ezh2-/-mutant and wild-type zebrafish at 28 hpf were extracted and purified. A total amount of 3 g RNA per sample was used for the RNA sample preparations. Sequencing libraries were generated using NEBNext ® Ultra™ RNA Library Prep Kit (NEB, USA) following the manufacturer's instructions. Clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit (Illumia, PE-401-3001). After clustering, the library preparations were sequenced on an Illumina Hiseq 2500 platform. Perl scripts were used for removing the adapter and duplication sequences, calculating the Q20, Q30, GC-content, and then generating the raw reads. Transcriptome assembly was performed according to the protocol described previously (59) . Assembled sequences were batch blasted against the latest version of the annotated zebrafish genome assembly (GRCz10) and to determine their gene names and Ensembl IDs. Gene expression levels were estimated using FPKM values (fragments per kilobase of exon per million fragments mapped) by the Cufflinks software (60) . Gene abundance differences between those samples were calculated based on the ratio of the FPKM values. For the Gene Ontology (GO) enrichment analysis, the differentially expressed genes (DEGs) was implemented by the GOseq R packages based Wallonia noncentral hyper-geometric distribution (61) . For the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, we used KOBAS software to test the statistical enrichment of DEGs in KEGG pathways to predict and classify functions of the DEGs (62).
Statistical analysis
Values are presented as means ± standard deviation (S.D.). Expression levels of genes were analyzed by the JTK cycle method (63), where P < 0.05 was considered as rhythmic expression. Differences between two groups were analyzed by unpaired Student's t-test and statistical significance was accepted at P < 0.05 or smaller.
RESULTS
Zebrafish ezh2 is a circadian clock-controlled gene
While Ezh2 is known to be regulated by various oncogenic transcription factors, miRNAs and non-coding RNAs (18, 64, 65) , little is known about its circadian regulation. We first examined expression of ezh2 mRNA in two consecutive days with qRT-PCR. Results show that zebrafish ezh2 mRNA is rhythmically expressed under both DD ( Figure  1A ) and LD conditions ( Figure 1B ). Because Per1b inhibits clock gene expression through E-box (41) , and Rev-erbα suppresses gene expression through RORE (42), we examined ezh2 expression in per1b-/-and rev-erbα-/-mutant zebrafish. Results show that ezh2 mRNA is up-regulated in the per1b-/-mutant ( Figure 1C and D) and rev-erbα-/-mutant zebrafish ( Figure 1E and F) under both DD (Figure 1C and E) and LD conditions ( Figure 1E and F) . These results suggest that zebrafish ezh2 is controlled by the circadian clock.
Bioinformatic analysis revealed one E-box in the zebrafish ezh2 promoter and one RORE in its first intron ( Figure 1G ), implying that zebrafish ezh2 expression may be mediated by these cis-regulatory elements. We isolated the DNA fragments harboring the E-box and the RORE and cloned them into the pGL3.17-promoter vector, respectively. Luciferase reporter assays show that ezh2 E-boxmediated luciferase activities are activated by the Clock1a-Bmal1b complex ( Figure 1H ) but repressed by Cry1aa, a negative element in the circadian clock; and these E-boxmediated luciferase activities were completely abolished when the E-box sequence, CACGTG, was mutated into CCCGTC ( Figure 1H ). Further, ezh2 RORE-mediated luciferase activities are activated by Ror␣a but suppressed by Rev-erb␣, and these activities were diminished when RORE was mutated ( Figure 1I ). We also performed ChIP-qPCR assays with zebrafish embryos. Results show that Bmal1b rhythmically binds to the E-box in the ezh2 promoter (Figure 1J and Supplemental Figure S1A ), while Ror␣a rhythmically binds to the RORE in its first intron ( Figure 1K and Supplemental Figure S1B ). Together, these results indicate that zebrafish ezh2 is regulated directly by the circadian clock via both E-box and RORE.
Generation and characterization of an ezh2 null mutant zebrafish
To investigate the functions of ezh2 in vivo, we recovered an ENU-induced ezh2 mutant line (sa1199) from the Zebrafish Mutation Project (ZMP) (51) . A point mutation (C to T) ( Figure 2A ) in Exon 2 ( Figure 2B ) results in a premature stop codon that leads to a truncated peptide with only 17 amino acids (aa), missing its major functional domains ( Figure 2C ). The ezh2 heterozygous fish appear normal outwardly and can survive until adulthood, while ezh2 homozygous embryos display a little curved tail and thin yolk sac extension ∼28 hpf (hours postfertilization) ( Figure  2D ), short body length and small eyes after 48 hpf ( Figure  2D ), and die after 7 dpf (days postfertilization). We further confirmed this phenotype by knocking it down with an ezh2 Morpholino (ezh2-MO). We conducted EGFP reporter assays to determine the efficacy of the ezh2-MO. As shown in Supplemental Figure S2 , 4 ng ezh2-MO effectively inhibits ezh2 expression. Results showed that ezh2 morphants phenocopy the ezh2-/-mutant (Supplemental Figure S3A and B). D) and rev-erbα-/-(E, F) mutant zebrafish under DD (C, E) and LD (D, F) conditions. For (A) to (F), at least three independent experiments were performed. Levels of mRNA expression were analyzed with the JTK-CYCLE method. ADJ.P for adjusted minimal P-values (P < 0.05). Student's t-test was conducted. *P < 0.05; **P < 0.01; ***P < 0.001. (G) Schematic of the E-box in the ezh2 promoter and the RORE in its first intron. The fragments containing the E-box and RORE were cloned into the pGL3.17-promoter vector, generating the ezh2-E-luc and ezh2-R-luc constructs, respectively. (H, I) Luciferase reporter assays show that ezh2-E-luc is activated by Clock1a and Bmal1b but inhibited by Cry1aa (H) and ezh2-R-luc is activated by Rar␣a but inhibited by Rev-erb␣ (I). ezh2-Em-luc wherein the E-box was mutated; ezh2-Rm-luc wherein the RORE was mutated. Student's t-test was performed. **P < 0.01. (J, K) ChIP-qPCR assays show that Bmal1b binds to the E-box region in the ezh2 promoter (J) and Roa␣ binds to the RORE in the first intron (K). Student's t-test was performed. **P < 0.01. (G, H) qRT-PCR analysis of Ezh2-targeted gene dab2ipa (G) and tmem48 (H) in 28 hpf WT and ezh2-/-mutant zebrafish. Three independent experiments were conducted. Statistical analysis was performed using student's t-test. *P < 0.05.
To examine whether this ezh2 mutation is a null allele, we first performed western blotting analysis. Results show that the expression of Ezh2 protein is completely abolished, and mono-, di-and trimethylation of H3K27 are largely reduced in the mutant fish ( Figure 2E and F) , indicating that Ezh2 plays critical roles in regulating all methylations of H3K27 in zebrafish, which was reconfirmed with ezh2 morphant embryos at 48 hpf (Supplemental Figure S3C) . It has been reported that DAB2IP (DOC-2/DAB2 interactive protein) is repressed by EZH2 (66), while tmem48 (NDC1 transmembrane nucleoporin) is activated by EZH2 (25) . We examined expression of dab2ipa and tmem48 in ezh2-/-mutant zebrafish with qRT-PCR. Results show that dab2ipa is up-regulated ( Figure 2G ), while tmem48 is down-regulated ( Figure 2H ) in ezh2-/-mutant zebrafish, consistent with previous results (25, 66) . These results suggest that the ezh2-/-mutant zebrafish is a null allele.
Ezh2 plays important roles in the zebrafish circadian clock
EZH2 is shown to play an important role in the mouse liver circadian clock in vitro (26) . To investigate the role of Ezh2 in zebrafish circadian regulation, we examined expression of core circadian clock genes in ezh2-/-mutant fish by qRT-PCR. Results show down-regulation of per1a, per1b, cry1aa, and cry1ab in the ezh2-/-mutant zebrafish under both DD and LD conditions ( Figure 3A -H and Supplemental Figure S4A-H) . Down-regulation of these genes is largely resulted from loss of ezh2, rather than zebrafish embryonic lethality, because we also observed that a zebrafish developmental gene, her9 (67,68) and its target gene E-H) conditions. Three independent experiments were conducted. mRNA expression levels were analyzed as in Figure 1 . *P < 0.05; **P < 0.01; ***P < 0.001. (I-L) Down-regulation of per1a (I), per1b (J), cry1aa (K) and cry1ab (L) in ezh2 morphants. After injection, total RNAs were extracted at 26 hpf (ZT2) and 38 hpf (ZT14),respectively. Student's t-test was conducted. *P < 0.05. (M-P) Overexpression of ezh2 driven by a heat shock promoter results in up-regulation of per1a (M), per1b (N), cry1aa (O) and cry1ab (P). Heat shock was conducted at ZT0 (96 hpf) and ZT12 (108 hpf) for 1 h, respectively, and samples were collected at ZT2 and ZT14. Three independent experiments were performed. Statistical analysis was performed using Student's t-test. *P < 0.05; **P < 0.01. dab2ipa are up-regulated ( Figure 2G and Supplementary Figure S5 ) during early development. Moreover, knocking down ezh2 by a Morpholino resulted in down-regulation of these circadian clock genes ( Figure 3I-L) . We then generated an ezh2 heat shock-inducible transgenic zebrafish, Tg(hsp70l:ezh2;CG2) (Supplemental Figure S6 ). In contrast, qRT-PCR results showed that overexpression of ezh2 by either heat shock-induction or capped mRNA microinjection up-regulates these clock genes ( Figure 3M -P and Supplemental Figure S7 ). These results suggest that Ezh2 contributes to zebrafish circadian regulation.
The ezh2-/-mutant zebrafish lose movement after 3 dpf. In order to examine the effects of Ezh2 on zebrafish circadian regulation, we used ezh2 morphants and Tg(hsp70l:ezh2;CG2) fish to perform locomotor activity assays. Results showed that ezh2 morphants display 0.2-h lengthened period ( Figure 4A and B) , reduced locomotor amplitude ( Figure 4A and C) and 0.25-h delayed phase ( Figure 4A and D) under DD condition, and enhanced locomotion activity under LD condition ( Figure 4E-H) ; whereas overexpression of ezh2 by heat shocking inducible promoter hsp70l led to 0.8-h shortened period ( Figure 4I and J), elevated amplitude ( Figure 4G and K) and 1.4-h advanced phase ( Figure 4I and L) under DD condition, and elevated locomotor activities under LD condition ( Figure  4M-P) . It is intriguing that both the morphant larvae and heat shock-induced overexpressing larvae display elevated locomotor activities under LD condition, but the underlying mechanisms need further investigation. Together, these results indicate that Ezh2 plays important roles in the zebrafish circadian clock.
Zebrafish Ezh2 enhances clock gene expression independent of its histone methyltransferase activity
To delineate how zebrafish Ezh2 regulates the circadian clock, we performed Co-IP assays to examine whether zebrafish Ezh2 can interact with clock proteins. Results show that zebrafish Ezh2 binds to the Clock1a-Bmal1b-Cry1aa complex ( Figure 5A and B) . We also performed luciferase reporter assays with E-boxes-containing per1b-luc. Results show that per1b promoter activities are activated by the Clock1a-Bmal1b complex, and Ezh2 enhances Clock1a-Bmal1b-mediated activities in a dosage-dependent manner, while Cry1aa represses the activities ( Figure 5C ). However, EZH2 was shown to bind to the clock complex in the mouse liver, and particularly to enhance transcriptional repression mediated by mouse CRY proteins (26) . Indeed, we reconfirmed the results that mouse EZH2 inhibits CLOCK-BMAL1 transcriptional activities on Per1-luc (Supplementary Figure S8A ), implicating different mechanisms underlying roles of EZH2/Ezh2 in mice and zebrafish circadian regulation.
While EZH2 was shown to primarily mediate gene silencing via recruitment of the PRC2 (17), EZH2 also functions to enhance target genes in human cancers independent of PRC2 (24, 25) . We hypothesized that mouse EZH2 and zebrafish Ezh2 contribute to circadian regulation with different mechanisms. To examine this hypothesis, the two amino acid residuals, F681 and H703 in zebrafish and F667 and H689 in mice, critical for the Ezh2/EZH2 H3H27 methyltransferase activity were mutated (Supplementary Figure S9) (25, 48, 49) , respectively. Luciferase reporter assays showed that zebrafish Ezh2 enhances Clock1a-Bmal1b transcriptional activity regardless of mutations of the two critical residuals ( Figure 5D ), and one of the PRC2 members, Eed, has no such activity ( Figure 5D ). Intriguingly, mouse EZH2 represses CLOCK-BMAL transcriptional activity (Supplementary Figure S8A) . However, the mutated EZH2 loses this repressive activity and surprisingly elevates CLOCK-BMAL transcriptional activity (Supplementary Figure S8B ). Moreover, Co-IP assays showed that Eed binds to Ezh2 but not Clock1a and Bmal1b in zebrafish ( Figure 5E ), suggesting that just Ezh2 alone, rather than PRC2, interacts with clock proteins. These results indicate that Ezh2 enhances Bmal1b-Clock1a transcription activity independent of its histone methyltransferase activity in zebrafish.
We also examine the functions of Ezh2 in vivo by injecting per1b-luc and ezh2 mRNA into wild-type or ezh2-/-mutant zebrafish. Results showed that overexpressing ezh2 upregulates per1b-luc promoter activities in zebrafish embryos ( Figure 5F ), while per1b-luc activities are down-regulated in the ezh2-/-mutant zebrfish embryos ( Figure 5G ). In line with in vitro result, in vivo Co-IP assays showed that Bmal1b binds to Ezh2 but not to Eed in zebrafish embryos ( Figure 5H ). ChIP-qPCR assays showed that both Bmal1b and Ezh2 rhythmically bind to the E-box in the per1b promoter ( Figure 5I , J and Supplementary Figure S1C ) and these bindings are largely reduced in ezh2-/-mutant (Figure 5I and J) . Moreover, zebrafish larvae overexpressing ezh2 with two mutated residues by heat shock display 0.5-h shortened period, elevated amplitude and 0. Taken together, these results suggest that Ezh2 plays positive roles in circadian regulation by directly binding to key circadian clock proteins occupying the E-box containing promoter region, and Ezh2 enhances clock function independent of its histone methyltransferase activity.
Hematopoietic defects in ezh2 -/-mutant zebrafish
EZH2 is known to play important roles in normal and malignant hematopoiesis in vitro (16, 29) . However, the in vivo role of Ezh2 in hematopoiesis is still unclear. Whole mount in situ hybridization (WISH) shows that ezh2 is expressed in the ICM (intermediate cell mass) at 24, 28 and 33 hpf and PBI (posterior blood island) at 33 hpf (Supplementary Figure S11 ), consistent with a previous observation (50) . We also observed that ezh2-/-mutant embryos display reduced blood cells at 32 hpf (Supplemental Movie S1). To search for Ezh2-affected genes involved in hematopoiesis, we performed high-throughput RNA sequencing of ezh2-/-mutant and wild-type embryos at 28 hpf. The transcriptome analysis reveals 893 up-regulated genes and 425 down-regulated genes in the ezh2-/-mutant zebrafish ( Figure 6A , and Supplementary Table S2 ) (The data was deposited into NCBI Gene Expression Omnibus, GEO accession number GSE103913). Further, both GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) analyses of these DEGs show that genes involved in developmental processes, transcriptional activities, MAPK and calcium signaling pathways, and vascular smooth muscle contraction are markedly altered in the ezh2-/-mutant (Supplemental Figure S12) . In particular, genes related to hematopoiesis, such as hbaa1, cmyb, gata1a, scl, alas2, hbbe1, hbbe3, hbbe3, hbae3 and hbae1, are down-regulated ( Figure 6B) , which was reconfirmed with , amplitude (C) and phase (D) under DD condition and total average moving distances (F), at day (G) and night (H) under LD conditions were shown. Student's t-test was conducted. *P < 0.05; **P < 0.01; ***P < 0.001. (I-P) Locomotor assays were conducted in ezh2-overexpressing and control zebrafish larvae under LD (I-L) or LD (N-P) condition. The period (J), amplitude (K) and phase (L) under DD condition and total average moving distances (N), at day (O) and at night (P) under LD conditions were shown. Overexpression of ezh2 was done with heat shock at 108 hpf (ZT12) for 1 h, and then locomotor assays were performed. Student's t-test was conducted. *P < 0.05, **P < 0.01; ***P < 0.001. Figure 5 . Zebrafish Ezh2 enhances expression of clock genes through binding to core clock components independent of its H3K27 methyltrasnsferase activity. (A, B) Co-IP assays show that zebrafish Ezh2 complexes with Bmal1b, Clock1a, and Cry1aa. (C) Luciferase reporter assays show that zebrafish Ezh2 enhances transcription activities of Clock1a and Bmal1b in a dose-dependent manner. Co-transfection was performed as indicated, and luciferase activities were assayed 24 h after transfection. Experiments were performed in three independent experiments. Transactivation activities are expressed as fold increase over the control group. Values are expressed as means ± S.D., n = 3. Student's t-test was conducted. *P < 0.05; **P < 0.01; ***P < 0.001. (D) Luciferase reporter assays show that Ezh2 enhances expression of circadian clock genes independent of its H3K27 methyltrasnsferase activity. Student's t-test was conducted. **P < 0.01; ***P < 0.001. (E) Co-IP assays show that Clock1a and Bmal1b bind to Ezh2 but not to Eed. (F, G) per1b-luc expression was up-regulated in ezh2-overexpressing zebrafish embryos (F) and down-regulated in ezh2-/-mutant zebrafish embryos (G). 50 pg of per1b-luc plasmid was injected into wild-type or ezh2-/-mutant zebrafish embryos with or without 100 pg ezh2 mRNA. Embryos were homogenized at 28 hpf and luciferase assays were performed. Student's t-test was conducted. **P < 0.01. (H) Co-IP assays show that Bmal1b binds to Ezh2 in zebrafish. (I, J) ChIP-qPCR assays show that Bmal1b (I) and Ezh2 (J) bind to the E-box of the zebrafish per1b promoter region. Student's t-test was conducted. *P < 0.05; **P < 0.01; ***P < 0.001.
qRT-PCR ( Figure 6C ). These results implicate that Ezh2 plays a pivotal role in hematopoiesis in vivo.
Ezh2 is essential for primitive hematopoiesis in zebrafish
To further investigate roles of Ezh2 in hematopoiesis, we performed blood cell staining and WISH. O-dianisidine staining shows that red blood cells are dramatically reduced in the ezh2-/-mutant embryos at 33 hpf ( Figure 7A and  B) . To determine whether the primitive hematopoiesis is affected in ezh2-/-mutant fish, we performed whole mount in situ hybridization using gata1 (a marker for erythroid progenitors) (69-71), pu.1 (a marker for myeloid progenitors) (72), hbbe1 (a marker for erythroid cells) (73) , mpx (a marker for granulocytes) (74) , and l-plastin (a marker for macrophages) (75) . Results show that gata1 (Figure 7C and D) and pu.1 ( Figure 7E To further visualize primitive hematopoiesis defects in ezh2-/-mutant zebrafish, we crossed ezh2-/-mutant zebrafish with transgenic zebrafish lines of several hematopoietic markers. Living imaging results show that loss of Ezh2 leads to reduced gata1:dsRed cells in the ICM at 24 hpf ( Figure 7M and N) and 28 hpf ( Figure 7O and P), reduced mpx:eGFP cells ( Figure 7Q to T) and reduced lyz:eGFP cells ( Figure 7U and V) in the trunk region at 28 hpf (Figure 7Q , R, U and V) and 48 hpf (Figure 7S and T) . Together, these results suggest that Ezh2 is required for primitive hematopoiesis.
Ezh2 is required for definitive hematopoiesis and specification of HSCs in zebrafish
To investigate the role of Ezh2 in definitive hematopoiesis, we examined expression of runx1 (76) 
Specification and development of hemangioblasts and vascular endothelial cells are not affected in ezh2-/-mutant zebrafish during early development
Because HSCs and endothelial cells (ECs) are both derived from hemangioblast (40, 81) , we next examined expression of hemangioblast markers. WISH shows that expression of fli1a, a marker for hemangioblas (77) at zebrafish early development, is not altered in ezh2-/-mutant zebrafish in comparison with that of its wild-type siblings at 80% epiboly (Supplementary Figure S14A and B) . scl, a marker for hemangioblasts (82) , HSCs, and angioblasts, has the same expression pattern in ezh2-/-mutant zebrafish as in its wide-type siblings at 80% epiboly (Supplementary Figure  S14C and D) . We then examined endothelial development using markers fli1a and flk1. Results show that the vasculature develops normally in ezh2-/-mutant zebrafish at 24 hpf (Supplementary Figure S14E to H) . These results indicate that specification and development of hemangioblasts and ECs are not affected during early development of ezh2-/-mutant embryos in spite of its hematopoietic defects.
Hematopoietic genes are regulated by the circadian clock and Ezh2 complex
The results that ezh2 is controlled by the circadian clock and hematopoietic genes are down-regulated in ezh2-/-mutant fish led us to hypothesize that most, if not all, hematopoietic genes, are rhythmically expressed. To examine this hypothesis, we first analyzed approximately 2.5-kb 5 promoter regions of hematopoietic genes and found that there are E-boxes in the cmyb and lck contain promoter regions. qRT-PCR results show that cymb ( Figure 9A and B) and lck ( Figure 9C and D) are rhythmically expressed in ze- brafish larvae under both DD and LD conditions but are down-regulated in ezh2-/-mutant zebrafish, which were also observed in ezh2 morphants ( Figure 9E and F) . In contrast, overexpressing ezh2 by mRNA injection up-regulates these genes ( Figure 9G and H) . ChIP-qPCR results showed that Bmal1b and Ezh2 rhythmically bind to the E-boxes of cmyb ( Figure 9I , J and Supplemental S1D) and lck ( Figure  9K , L and Supplemental S1E). Furthermore, luciferase reporter assays showed that Bmal1b-Clock1a activates cmybluc ( Figure 9M ) and lck-luc ( Figure 9N ), which is enhanced by Ezh2 (Figure 9M and N) . Taken together, these results suggest that both the circadian clock and Ezh2 play regulatory roles in zebrafish hematopoiesis.
DISCUSSION
Regulation of EZH2 expression has been studied extensively in different types of human cancers (18) . For instance, E2Fs activate EZH2 expression via binding to its promoter (83) . EWS-FLI1 and NF-B2 activate EZH2, while SNF5 represses it (64, 84, 85) . It was also reported that EZH2 is transcriptionally induced by Estradiol, Bisphenol-A, and Diethylstilbestrol through Estrogen-response elements (EREs) (65) . But how it is regulated in normal physiology in animals still remains unclear. In animals, ∼43% of transcripts show circadian expression (86, 87) . However, whether EZH2 is regulated by the circadian clock is unknown to date. Here we show that zebrafish ezh2 is rhythmically expressed but up-regulated in per1b-/-and rev-erbα-/-mutants under both DD and LD condition. Luciferase and ChIP-qPCR reveal that ezh2 is regulated directly by the circadian clock through E-box and RORE. However, statistical analysis of qRT-PCR data shows that ezh2 still remains rhythmic with reduced amplitudes in per1b-/-mutant fish under LD condition and in rev-erbα-/-mutant under DD condition, indicating that both Per1b and Reverb␣ play large roles in the amplitude of ezh2 expression. In addition, the expression level of ezh2 appears gradually decreased during development ( Figure 1A and B) , suggesting that ezh2 is also affected by unknown developmental cues. A previous study showed that transcription factor CLOCK LD (B, D) conditions. Three independent experiments were conducted. Rhythmic mRNA expression was analyzed with the JTK-CYCLE method. ADJ.P for adjusted minimal P-values (P < 0.05). Two-way ANOVA with Tukey's post hoc test was conducted, **P < 0.01; ***P < 0.005. (E, F) Down-regulation of cmyb (E) and lck (J) in ezh2 morphants. Student's t-test was conducted. *P < 0.05; **P < 0.01. (G, H) Up-regulation of cmyb (G) and lck (H) in ezh2-overexpressing zebrafish. Student's t-test was conducted. *P < 0.05; **P < 0.01. (I-L) ChIP-qPCR results show that Bmal1b and Ezh2 bind to E-boxes in the promoters of cmyb (I, J) and lck (K, L). Student's t-test was conducted. *P < 0.05; **P < 0.01; ***P < 0.001. (M, N) Luciferase reporter assays show that cmyb-luc (M) and lck-luc (N) are activated by Bmal1b-Clock1a, respectively, and Ezh2 enhances Bmal1b-Clock1a transcription activities. Three independent experiments were performed. Statistical analysis was performed using Student's t-test. *P < 0.05; **P < 0.01; ***P < 0.005. (O) A model for regulation of hematopoiesis by Ezh2 and the circadian clock in zebrafish. Zebrafish ezh2 is controlled directly by the circadian clock and contributes to circadian regulation by binding to the clock complex. The Ezh2 and clock complex controls hematopoiesis through directly regulating hematopoietic genes, cmyb and lck, mediated by E-boxes, respectively.
protein, an essential component of the mammalian circadian system, is a histone acetyltransferase (88) . This and our results reveal that the circadian clock could regulate histone remodeling at both transcriptional and translational level.
Posttranslational modifications of histones are essential for transcriptional regulation of gene expression. Histone modification also has found to be evolved as an important mechanism at the core circadian machinery (9) . EZH2 was shown to be required for the mouse liver clock in vitro (26) . However, because loss of Ezh2 results in lethality during mouse early development (19) , effects of EZH2 on clock gene expression and locomotor rhythmicity in live animals are unknown. Here we recovered an ENU-induced ezh2-/-mutant zebrafish that can live up to seven days. Key circadian clock genes are down-regulated in the ezh2-/-mutant zebrafish. Knockdown or overexpression of ezh2 alters zebrafish larval locomotor rhythms. Moreover, consistent with mice EZH2 (26) , zebrafish Ezh2 contributes to circadian regulation through binding to the core clock components and regulates clock genes by E-box. Interestingly, we found that zebrafish Ezh2 enhances clock function independent of polycomb repressive complex 2, differing from mice EZH2 that augments the repressive action of CRY1 (26) . Our data suggest that zebrafish Ezh2 and mice EZH2 contribute to circadian function through different mechanisms.
EZH2 was shown to play pivotal roles in stem cell maintenance and have a dual role as either oncogene or tumorsuppressor gene, depending on gene dosages and cell context progression of several types of tumors, including breast and prostate cancers (18, 20, 89) . EZH2 also is important for normal and malignant hematopoiesis (28, 29) . However, due to embryonic lethality of Ezh2-/-mutant mice, whether EZH2 regulates hematopoiesis in early development remains unclear. We found that both primitive and definitive hematopoiesis is affected in ezh2-/-mutant zebrafish, as evidenced that loss of Ezh2 results in reduced numbers of erythroid cells, granulocytes, macrophages, T cells, and HSCs in live zebrafish. These are not likely due to developmental delay because the mutant fish embryos appear normal outwardly before 28 hpf. Our results are consistent with a previous study that knocking out Ezh2 specifically in the mouse liver impaired expansion of HSCs and reduced the number of megakaryocyte-erythroid progenitors, but moderately reduced common myeloid progenitors and granulocyte-macrophage progenitors (90) .
Circadian rhythms are highly conserved among organisms ranging from prokaryotes to humans, to maintain coordination with the daily changes of light and temperature. However, little is known about circadian control of hematopoiesis. It has been reported that hematopoietic stem cell release is regulated by circadian oscillations (91) . Circadian clock gene Bmal1 regulates diurnal oscillations of Ly6C hi inflammatory monocytes (92) . EZH2 was found to be overexpressed in natural killer/T-cell lymphoma (NKTL), and directly activates CCND1 in NKTL without histone methyltransferase activity (93) . We found that cmyb and lck involved in hematopoiesis display rhythmic expression, which are down-regulated in ezh2-/-mutant zebrafish; importantly, zebrafish Bmal1b and Ezh2 regulate cmyb and lck through directly binding to the Ebox in their promoters, indicating that Ezh2 promotes normal hematopoiesis via directly enhancing key hematopoietic marker genes in zebrafish. However, even though we observed rhythmic expression of other important hematopoietic genes, for instance, gata1a, pu.1, mpx and ikaros, exactly how Ezh2 and the circadian clock regulate them would need to be investigated in the future. Nonetheless, our results reveal that the circadian clock modulates hematopoiesis in an intricate manner, i.e. the circadian clock regulates ezh2 directly and the Ezh2-circadian clock complex in turn regulates hematopoiesis ( Figure 9O ).
In summary, zebrafish ezh2 is regulated directly by the circadian clock. Ezh2 promotes clock function and hematopoiesis independent of its histone methyltransferase activity.
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